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SUMMARY

The effect of thermomechanical treatments on the grain size of HIP beyllium powder
block and cast beryllium alloys has been studied. A grain size controlled fracture
mode change has been observed in both powder source and ingot source beryllium. The
mechanism of recrystallization in beryllium has been observed to be the in situ trans-
formation of subgrains to grains by dislocation migration from grain interiors to grain
boundaries. Maximum impact resistance was observed in partly recrystallized struc-
tures rather than the expected fully recrystallized state.
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o Section 1
: OBJECTIVE

The objective of this program is to develop an understanding of the fundamental flow
and fracture mechanism in beryllium. Emphasis will be placed on understanding the
reasons for the marked improvement in the mechanical properties, particularly
ductility, of beryllium that has occurred in the last 5 years. A specific objective of
this program will be to indicate how new mechanisms of flow and fracture can be
utilized to overcome beryllium's low toughness.
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Section 2
BACKGROUND

Although modern beryllium has the highest structural efficiency of any material or
composite, its use has been restricted by low ductility and toughness. In the last

5 years, the ductility of beryllium has been dramatically increased so that 6% elonga-
tion in all directions of a semicommercial, hot isostatically pressed, low oxide (0.5%)
block can be produced routinely (Ref. 1), Still higher values of 13% elongation in vir-
tually nontextured upset forgings of the same material have been produced experimen-
tally (Ref. 2) and recent Russian work (Ref. 3) using upset forging of high purity cast
material has enabled three-dimensional tensile elongation of 22% to be obtained. For
most structure, this degree of tensile elongation is more than adequate to permit de-
signs that can utilize the full strength of the beryllium. At this stage, beryllium com-
pares favorably in its mechanical properties with other engineering alloys in all aspects
other than its resistance to impact shocks in the presence of a stress concentration,
This condition is simulated experimentally by charpy impact testing which is used on
this program to evaluate the effects of microstructural and mechanistic changes on

toughness.
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Section 3
MATERIALS

Two basic types of beryllium were used on this program:

(1) High purity powder products formed from electrolytic flake and then hot
isostatically pressed (HIP) by Kawecki Berylco Industries (KBI)

(2) Vacuum cast ingots 2- to 3-in. diameter containing small (~ 0.1%)
addition of titanium, vanadium, or chromium plus a high purity vacuum
cast ingot (EFI) containing no alloying additions

Table 1
CHEMICAL COMPOSITION OF MATERIALS

Composition PPM

Alloy Form
BeO | Mg | Si Al | Fe C Ti Ni Cr

BOP 32 | HIP Block 7,000 35| 140 | 33| 178 | 210 | N.D. | 250 N.D.
BOP 30 | HIP Block 6,700| 41 | 120 | 35| 185 | 280 | N.D. | 265 N.D.

PS 20 Sheet 10,700 | 100 90 | 480 { 950 | 620 | N.D. | N.D. N.D.
Be-Ti Ingot N.D. 20 | 380 | 670 [ 290 | 520 | 1,900/ N.D. N.D.
Be-Cr Ingot N.D, 10 70 20 | 140 | 300 | N.D. | N.D. 1,300
EFI Ingot 40| 10 | 100 90 | 110 | 290 | N.D. | N.D. N.D.
N.D. = Not determined.
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Section 4
EXPERIMENTAL TECHNIQUE

All beryllium samples were canned in mild steel prior to forging extrusion or rolling
to prevent surface cracking. Upset forging was carried out at 1033K (1400 F), rolling
at either 1033K or 922K (1200 F) and extrusion (10:1 reduction) at 894K (1150F).

Fractographic examination was performed by scanning electron microscopy for coarse
grained (> 50 um) samples and by transmission electron microscopy of shadowed
replicas for finer grained materials.

Direct transmission electron microscopy of the beryllium was conducted after electro-
polishing in a solution containing 82% ethylene glycol, 5% H20, 9% I-INO3 , 2% H 280 4
and 2% HCl. Both conventional (120 kV) and high-voltage (650 kV) electron microscopes

were utilized to examine the electropolished foils.

Charpy specimens for impact testing were made with the rounded notch, 1-mm radius
and 2-mm deep conventionally used with beryllium. The surface was etched before
testing to remove 0.1 mm of potentially damaged surface material. The specimens
were tested on a 24 ft/Ib impact machine.

LOCKHEED PALO ALTO RESEARCH LABORATORY
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Section 5
RESULTS AND DISCUSSION

5.1 GRAIN REFINEMENT BY RECRYSTALLIZATION

Grain refinement in beryllium, as in most other metals, confers property improve-
ments such as higher toughness and tensile elongation (Ref. 1) together with higher

j strength (Ref. 4), but there are limitations to how far this refinement can be taken.

| In powder block beryllium, the grain size is similar to that of the input powder and
any degree of grain refinement can be obtained by reducing the powder size. However,
this increases the surface area of the powder and hence the oxide level. This counter-
acts the benefits of grain refinement on toughness and ductility and optimum properties
are observed when the grain size is approximately 10 um. In cast beryllium where
oxide is not normally present in sufficient quantities to act as a grain refiner, it is very
difficult to produce a recrystallized grain size less than 30 pum even in sheet, An
alternative method of grain refinement investigated in this program is to use inter-
metallic compounds of titanium, vanadium, and chromium to act as grain refiners in
cast and wrought beryllium.

Two types of thermomechanical treatment were conducted to determine which was
most effective in producing grain refinement. In the first type, the beryllium was
deformed about 20% and fully recrystallized at the minimum temperature at which
this could be accomplished. The recrystallized material was then rolled to about 40%
and recrystallized again. This process was repeated for 90% and 96% reductions.
The grain size was 'reduced at each step as shown in Fig. 1 for high-purity beryllium
(EFI) and Fig. 2 for the 0.19% Ti alloy.

The initial "as-cast" grain size was taken as the dendrite width which is about ten
times smaller than the average dendrite length in both cases.

LOCKHEED PALO ALTO RESEARCH LABORATORY
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Fig. 1 Effect of Degree of Rolling Reduction on the Grain Size of High-Purity
Cast Beryllium (EFI) Rolled With Intermediate Recrystallization Anneals
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CAST BERYLLIUM CONTAINING 0.19% Ti
ROLLED WITH RECRYSTALLIZATION AT THE
STAGES INDICATED

DENDRITE
WIDTH
AS-CAST

ANNEALED
1255 K, 30 MIN
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1089 K 1 HR
1033 K 1 HR

911 K 20 HR

I I L I I
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Fig. 2 Effect of Degree of Rolling Reduction on the Grain Size of Cast Beryllium

Containing 0.13% Cr Rolled With Intermediate Recrystallization Anneals
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In the second type of thermomechanical process, the specimens were rolled 90 or 96%
before recrystallization anneals were performed. These results are shown in Figs., 3
and 4 for EFI and 0.19% Ti, respectively. A comparison of the two types of thermo-
mechanical treatments shows that the direct reduction without interstage anneals is
more effective for both materials in producing grain refinement, This result follows
from an examination of the recrystallization mechanism as will be discussed below.
The 0.19% Ti addition can be seen to produce grain refinement in both processes and
also produces some refinement of the as-cast dendrite size.

Recrystallized grain sizes after upset forging and rolling are shown in Figs. 5 and 6
for EFI and a 0.13% Cr alloy. There appears to be no particular advantage to any
particular temperature in terms of grain size, but annealing temperatures above 950 K
produce fully recrystallized structures in less than 72 hr.

A more detailed study of the recrystallization of EFI and Be-0.13% Cr were conducted at
977K (Fig. 7). The recrystallized grain size was measured in both alloys in the early
stages of recrystallization when the structure was only partially recrystallized.
Recrystallization is obviously retarded in the chromium alloy, probably by the inter-
metallic compounds.

In this alloy, grain growth is continuing in the recrystallized areas even though further
nucleation of recrystallized grains is inhibited. The optical microstructure of EFI and
Be 0.13% Cr after 5 min at 977 K is shown in Figs. 8 and 9, respectively. In both ma-
terials faint, ghostly ""grains" can be seen inside what appears to be large unrecrystal-
lized areas. These are actually subgrains in the process of transforming to grains.
This process is revealed in more detail by transmission electron microscopy.

The subgrain structure of EFI in the vicinity of an original grain boundary after rolling
96% and annealing for 1 min at 977 K is shown in Fig. 10. Most of the subrains have
poorly defined boundaries and a high density of dislocations in the subrain interiors.

A few of the subgrains, such as those at A on the original grain boundary, have low

LOCKHEED PALO ALTO RESEARCH LABORATORY
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DENDRITE WIDTH
AS-CAST

1000 | HIGH PURITY BERYLLIUM (EFI),
ROLLED DIRECTLY TO THE INDICATED
REDUCTION BEFORE RECRYSTALLIZATION

100 —
991 K 16 HR
- I
950 K 16 HR
950 K 1 HR
}.
0l 922 K 1 HR
5.- 1 | | s
0 20 40 60 80 100

PERCENT REDUCTION

Fig. 3 Effect of Degree of Rolling Reduction on the Grain Size of High-Purity
Cast Beryllium (EFI) Rolled Without Intermediate Recrystallizing

Anneals
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1000
CAST BERYLLIUM CONTAINING 0.19% Ti,
ROLLED DIRECTLY TO THE INDICATED
REDUCTION BEFORE RECRYSTALLIZATION
DENDRITE WIDTH
AS-CAST

100

MEAN LINEAR GRAIN INTERCEPT (um)

91505 K 1 R
|
|
133K 1HR
939 K 20 HR
:+951K16HR
922K  1.5HR
10 - ;
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5 | L | | |
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Fig. 4 Effect of Degree of Rolling Reduction on the Grain Size of Cast Beryllium
Containing 0.19% Ti,Rolled Without Intermediate Recrystallizing Anneals

10

LOCKHEED PALO ALTO RESEARCH LABORATORY

LoOcCKNEERD missiLeEs L] sPaAace cCoOmPaANY INC
A SUBSIDIARY OF LOCKNEED AIRCRAPYT CcORPORATION




LMSC-D566852

ot

SuBaog jesdn 193y %6 porIoy
wnriizag 3se) £31Ing-yS1y Jo oz1s ureds oy} uo aamedadwa ], pue awn ], Suresuuy jo oapg ¢ Sty

() 3WNLVIIdWIL ONITVINNY

vo. no_

e e

0l

AEZIMVISAOIY ATING @
QIZITIVISA¥OIY ATIVILYVY O

1 |

QILVDIAGN| SY GITVINNY
ANY %€6 GITTON 'A3IOY04 134N
(143) WNIMIA¥E 1SVD ALINNA-HOIH

(%) IWILL ONITVINNY

ooll

11

LOCKHEED PALO ALTO RESEARCH LABORATORY

1LOCHNnERD

COMPANY, INC

sPAacCt

mrssitas

A SUBSIDIARY OF LOCKHEED AIRCRAFY CORPORATION




LMSC-D566852

ol

ID %ET *0 wnI[jAIag jse) JO 9ZIS ureln ayj uo aimeladwa ], pue awl], Surfesuuy jo j095Jd 9 *Sig

() IWIL ONITYINNY

ol vo_ no_ No_

3ZIS NIV¥O
wrl-g

Q3ilvOIaNI sv

G3TVINNY ANV %€6 G3110¥ ‘33IOY04 135dN
1D %€1°0 ONINIVINOD WNITIAY¥3E LSVYO
ALRNd-HOIH

oott

(M) FUNLVIIIWIL ONITYINNY

12

>
x
()
-
<
x
0
o
<
o4
I
O
x
<
w
"
w
x
o
-
-
<
(o}
-
<
o
o
W
w
I
b 4
8}
o}
4

COMPANY, INC

SPACE

MISSILES

LOCKHEED

A SUBSIDIARY OF LOCKMHEED AIRCRAFT CORPORATION




LMSC-D566852

sAo1ly 1D %ET°0 oF Pue I4H 0] 3 LL6 Te Yymody ureldy [ewdayiosy L *Srg

(%) IWIL ONITYINNY

ol ! Ol P!
T T 0
ot
Q3IZIMVISAYDIY
%98
QIZITIVISANDIY %09 — oz
- oc
D %EL°0
+ WanAge
(143) WwnIA¥3e 3¥nd —10r
GIZNIVISADINATINI V @
Q3IZINVISAYDIY ATIVILNVE ¥V O

N 46 QTIVINNY GNV %96 GI1TO¥ ‘Q3OY0L 13S4N WNITIA¥IE 1SYD

e A S . 7 N

(wrl) 143DWINI NIV¥O ¥VINIT NVIW

13

LOCKHEED PALO ALTO RESEARCH LABORATORY

COMPANY, INC.

sSPACE

4
A SUBSIDIARY OF LOCKMNEED AIRCRAFT CORPORATION

MIssiLEsS

LOCKNERD




LMSC-D566852

Fig. 8 Optical Micrograph of EFI, Rolled 96% and Annealed 977 K 5 Minutes. Faint
'ghostly' subgrains can be seen in some unrecrystallized areas, Magnification
200x

14

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKMEED MISSILES & SPACE COMPANY, INC
A SUBSIDIARY OF LOCKWEED AIRCRAFT CORPORATION




LMSC-D566852

1 Fig. 9 Optical Micrograph of Be 0.13% Cr Rolled 96% and Annealed at 977 K
3 5 Minutes. Magnification 200x
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Fig. 10 Transmission Electron Micrograph of EFI, Rolled 96% and Annealed 977 K
g gr 2

1 Minute. Grains at A are almost recrystallized. Magnification 16, 000%
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dislocation densities and may appear in polarized light to be the ghostly recrystallized
grains described above for Figs. 8 and 9. In other areas of the same sample, the
recrystallization process has progressed further as shown for grain A in Fig. 11
where the grain interior is dislocation free and the boundaries are sharply defined.
This grain would appear in polarized light to be fully recrystallized. A still later
stage of recrystallization is shown in Fig. 12 which shows the Be 0.13% Cr alloy
after 90% reduction and an anneal of 5 min at 977 K. This area shows a boundary
between unrecrystallizéd subgrains and fully recrystallized grains with low dislocation
densities and high angle boundaries. The particle at A is a beryllium-chromium inter-
metallic with an associated deformation void. With continued annealing, the unre-
crystallized subgrains in all the cast alloys are seen to transform gradually to re-
crystallized grains of the same size, although there is no definite point at which a
grain can be said to be recrystallized by microscopic observation. However, there

is a sharp transition in fracture mode during annealing which can be used to define

the point at which the conversion from subgrain to grain is complete.

1t follows from the above observation indicating the mechanism of recrystallization

to be by subgrain transformation that the finest recrystallized grain size will result
from the finest subgrain size. This subgrain size is found in most metals to be
inversely proportional to the amount of cold work. This explains why in the two
thermomechanical processes described above the finest grain size was produced

when intermediate recrystallization steps, which would have reduced the total amount
of cold work, were avoided. If the recrystallization mechanism had been by the growth
of grain boundary nuclei, then the gradual grain refinement produced by the intermedi-
ate recrystallization steps in the second process would have produced the finer grain
size.

5.2 FRACTURE MODE TRANSITION

The normal fracture mode in both powder source and ingot source beryllium is cleav-
age. However, when the grain size is reduced below a certain critical value charac-
teristic of each composition and method of manufacture, the fracture mode is by

17
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Fig. 11 Transmission Electron Micrograph of EFI Rolled 967 and Anncaled 977 K,
1 Minute. Grain at A is recrystallized, Magnification 8000x

18
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Fig. 12 Transmission Electron Micrograph of Be 0.13% Cr Rolled 90% and Annealed
at 977 K, 5 Minutes. Magnification 16,000x

19
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grain boundary separation. Previous work (Ref. 2) has indicated grain boundary
sliding occurs prior to fracture, and this additional slip mechanism may be responsible
for the improved toughness and ductility of fine-grained materials. The two fracture
modes can be seen in Fig. 13 which shows the fracture surface of EFI after rolling

96% and partially recrystallizing for 5 min at 977 K. The unrecrystallized area,
typified by A, shows cleavage with only minor perturbations in the fracture path

across subgrain boundaries. The recrystallized areas, such as B, have grains which
are about the same size as the subgrains but where fracture is completely intercrystal-
line. Similar fracture mode transitions are observed in powder products (Fig. 14) but
the transition is at finer grain sizes than for cast and wrought products. A partially
recrystallized sheet (PS20) shows bands of fine recrystallized grains fracturing in an
intergranular manner while the coarser grains fracture by cleavage.

The fracture mode transition is shown graphically in Fig. 15 for cast beryllium in
textured and nontextured wrought products together with hot-pressed powder products
of various oxide levels. Texturing displaces the transition of the ingot source product
to finer grain sizes while high oxide levels do the same for the hot-pressed materials.
It may be significant that these variables which tend to reduce ductility also reduce the
tendency for intergranular fracture with its associated grain boundary sliding. Higher
testing temperatures which are known to rapidly improve the ductility and toughness of
beryllium are expected to increase the tendency for grain boundary sliding as they do
in other metals.

Preliminary attempts to study the initiation of the grain boundary cracks have been
made by the use of transmission electron microscopy to study fine-grained sheet that
has been deformed by rolling at room temperature. Very sharp cracks were observed
on some grain boundaries. Figure 16 shows a fine grained 0.19% Ti alloy where all the
grains have a fine dislocation network. A sharp crack about 1-um long is visible on
one boundary at A, Small particles of a beryllium-titanium compound 60- to 150-nm
diameter can also be seen. A much longer but still very sharp crack was observed in
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Fig. 13 Scanning Electron Micrograph of EFI Rolled 96%, Annealed 977 K, 5 Minutes
and Fractured at Room Temperature. Subgrains at A Show Cleavage Frac-
ture While Grains at B Show Intergranular Fracture. Magnification 1320x
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Fig. 14 Shadowed Carbon Replica of the Fracture Surface of PS 20 Puwder Source
Sheet in the As-Received Condition. Small fine grain areas siiow inter-
granular fracture. Magnification 8000x
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Fig. 16 Transmission Electron Micrograph of Be 0.1% Ti Rolled 96% , Annealed
977 K, 10 Minutes Then Cold Rolled 15%. A small crack has appeared
along a grain boundary at A as a result of the cold rolling. Magnification
30, 000x
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EFI (Fig. 17), although the dislocation distribution was much less uniform, probably
as a result of the coarser grain size.

5.3 IMPACT RESISTANCE

Preliminary impact results on hot isostatically pressed beryllium containing about
0.7% BeO for various thermomechanical treatments are shown in Fig.18. These alloys
have an impact energy of about 1 J is the as-pressed condition, but this can be in-
creased to about 3 J by extrusion and partial recrystallization at 977 K, If the mate-
rial is upset forged and then rolled without recrystallizing, the charpy impact energy
is raised to about 6 J after annealing at 977 K for 10 min. The microstructure after
this treatment is shown in Fig. 19 to consist of a mixture of unrecrystallized sub-
grains about 1-um diameter and recrystallized grains 2- to 4-um diameter. The un-
recrystallized subgrains occur in areas containing oxide particles which are inhibiting
recrystallization. It can be seen from Fig. 18 that the forged and rolled beryllium has
an impact energy close to that of Al 7075-T6 tested with the same specimen under
identical conditions. It is significant that the impact resistance is reduced by further
annealing even though the extent of recrystallization continues to increase.

However, while the volume fraction of recrystallized regions is increasing during
annealing, the recrystallized grain size is also increasing and this apparently is a
powerful compensating factor. The optimum structure for toughness and ductility in
beryllium is apparently not the long expected fine grain fully recrystallized structure
but one consisting of a relatively small fraction of ultrafine recrystallized grains in
a matrix of what would appear in polarized light to be an unrecrystallized structure.
However, this structure would consist of subgrains on the threshold of transforming
to grains in situ. The optimum properties would occur when the subgrain boundary
angle became high enough to deflect a transgranular cleavage crack into a grain
boundary so that the local fracture would become intergranular.
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Fig. 17 Transmission Electron Micrograph of EFI Rolled 96%, Annealed 977 K, 1 Hour
and Cold Rolled 14%. A sharp grain boundary crack has been initiated.
Magnification 20,000x
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Fig. 19 Transmission Electron Micrograph of High-Purity Powder Source Beryllium
| Alloy BOP 32, Upset Forged, Rolled 76% and Annealed 977 K 10 Minutes.
| Structure shows a mixture of fine recrystallized grains and subgrains,
Magnification 14, 000x
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Section 6
CONCLUSIONS

The impact toughness of high-purity, low-oxide, powder-source beryllium can
be increased by thermomechanical treatments to a level not far below that of
Al 7075-T6.

Optimum toughness occurs when the microstructure consists of very fine (2 to
4 pm) recrystallized grains in a matrix of subgrains which are on the threshold
of recrystallizing in situ.

There is a grain size controlled fracture mode change in both powder source and
ingot source beryllium. The change is displaced to finer grain sizes by oxide
particles and texture.

To produce the finest grain size in beryllium for a given total reduction, a
thermomechanical process should avoid any recrystallization before the final
annealing treatment.
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Section 7
FUTURE WORK
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Most of the work reported here has been on textured beryllium products. In the
remainder of this contract, work on nontextured upset forged products will be conducted
to determine ductility and toughness as a function of grain size, degree of recrystal-
lization, and the fracture and flow mechanisms involved.
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